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Abstract

Mesoporous aluminosilicate molecular sieves with the MCM-41 structure (Si/Al=20) have been synthesized using
tetraethoxysilane (TEOS) and sodium aluminate (NaAlO,) as Si and Al sources and hexadecyltrimethylammonium
bromide (HTMABr) and varying several parameters during the preparation process. All the samples were characterized
by X-ray diffraction (XRD), Fourier transformed infrared (FT-IR) and solid state MAS NMR spectroscopy. A sig-
nificant improvement in the structure by using a novel method for template removal has been evaluated.

© 2003 Published by Elsevier Science B.V.
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1. Introduction

The preparation and engineering of porous
silicate materials is an area of intense scientific
and technological activity. Mesoporous molecular
sieves of the MCM-41 type possess a hexagonal
packed array of channels with narrow pore size
distributions. Since the first report of the structure
in 1992 [1,2], a number of studies have been

*Corresponding author. Tel.: +54-351-469-0585; fax: +54-
351-469-0585.

E-mail address: oanunziata@scdt.frc.utn.edu.ar (O.A. An-
unziata).

performed aiming to modify the MCM-41 syn-
thesis procedure in order to increase the potential
applicability of these materials [3]. Interesting
physical properties of these materials include a
regular pore structure and pore shape, a highly
specific surface of up to 1000 m?/g, a specific pore
volume of up to 1.3 ml/g and a high thermal
stability. These properties allow such materials a
strong potential for application in heterogencous
catalysis, supramolecular assembly, separation,
biomedicine and encapsulation [4-7]. The regular
system of large channels in MCM-41 hosts offers
unique opportunities for the preparation of new
nanostructure composite materials. As relentless
efforts continue to reduce the size of electronic
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circuitry to reach higher storage density and faster
processing speed, new concepts are being devel-
oped to build electronic circuits from molecular
components. In this way, the encapsulation of
nanosized conducting polymer filaments, semi-
conductors, and metals into the channels of
MCM-41, would permit the feasibility of using
mesoporous materials as nanometer-scale elec-
tronic devices [7-10]. MCM-41 is prepared
generally by hydrothermal reactions of alumino-
silicate or silicate gels in the presence of quater-
nary ammonium surfactants in the temperature
range from 100 to 200 °C [1,2]. There are many
reports of synthesis and characterization of Al-
MCM-41 with different Si/Al ratios and with
different alumina or silica sources, prepared by
adding aluminium sources prior to calcination
[1,2,11-19]. A variety of silica sources have been
reported, including sodium silicate and silicon
alkoxides and the most often-used aluminium
sources are sodium aluminates, aluminium sul-
fate, aluminium nitrate and aluminium isoprop-
oxide. In our previous works, we reported a novel
route to prepare aluminosilicates Al-MCM-41
and Al-MCM-48 with both well-defined mor-
phology and high structural ordering, using tet-
raethoxysilane (TEOS) and sodium aluminate
(NaAlO,) as silica and aluminium sources, re-
spectively [20,21]. In the present work, we studied
the influence of the surfactant/Si molar ratio and
synthesis time with regard to changes in structural
features of AI-MCM-41 synthesized with hex-
adecyltrimethylammonium bromide (HTMABr)
as template. Moreover, the effect of the thermal
process for template removal on structural sta-
bility and order, reticular contraction and meso-
porous framework composition have been
discussed.

2. Experimental

The AI-MCM-41 mesoporous material was
prepared as follows: Firstly, TEOS (Aldrich,
98%) and NaAlO, (Johnson Matthey) were vig-
orously mixed for 30 min. Then, a 10 wt% solu-
tion of HTMABr (Aldrich, 99%) in ethanol was
added drop wise under stirring at room temper-

ature. Tetraethylammonium hydroxide 20 wt%
aqueous solution (TEAOH) (Merck) was added
to the resultant solution and stirring was contin-
ued during 5 h. Then, TEAOH and water were
further dripped into the milky solution. The
mixture was heated at 80 °C for 30 min to re-
move ethanol used in solution and produced in
the hydrolysis of TEOS. The pH of the resultant
gel was 11.5. This gel was heated in a static
Teflon-covered reactor under autogenous pressure
at 100 °C during 0-10 days. The final solid re-
action product was extracted from the autoclave,
filtered, washed with distilled water and dried at
60 °C overnight (as-synthesized MCM-41). The
molar composition of the gels subjected to hy-
drothermal synthesis was as follows: Si/Al= 20,
TEAOH/Si=0.3, surfactant/Si=0.1-0.45, water/
Si=60. The post-synthesis thermal treatment
evaluated to remove the template was: tempera-
ture-programmed-desorption (TPD) (heating rate
of 1 °C/min under N, flow of 5 ml/min) to 500 °C
maintaining this temperature for 6 h and further
temperature-programmed calcination (heating
rate of 1 °C/min under air flow of 5 ml/min) to
500 °C maintaining also this temperature for 6 h.
For the studies of temperature-programmation
was employed an INSTRELEC programmer,
which admits to change the heat slope. The so-
dium form of the AI-MCM-41 was characterized
by X-ray diffraction (XRD), Fourier transformed
infrared (FT-IR) and solid state MAS NMR
spectroscopy. X-ray powder diffraction patterns
were collected in air at room temperature on a
Rigaku diffractometer using CuK, radiation of
wavelength 0.15418 nm. Diffraction data were
recorded between 20 = 1 and 10° at an interval of
0.01°. A scanning speed of 2° per minute was
used. The repetition distance of the pores “d”
was obtained by the Bragg law using the position
of the first XRD line. The lattice parameter “a,”
of the hexagonal unit cell was calculated from the
equation ay = (2/v/3)dig0. The pore diameter may
be calculated from this value by subtracting 1.0
nm, which is an approximate value for the pore
wall thickness usually found in MCM-41 syn-
thesized in a similar procedure. Infrared spectra
of the samples were recorded on a JASCO 5300
FT-IR spectrometer either on KBr pellets or on
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self-supported wafers. The FT-IR spectra in the
lattice vibration region were performed using
KBr 0.05% wafer technique. Solid state NMR
spectra were taken on a BRUKER MSL300
spectrometer operating at 78.2 MHz for 2’Al. We
used a commercial (BRUKER) MAS 300WB
CP1H-BBWH. VTN-BL4 probe with 4 mm o.d.
zirconia rotors. The sample was spun at the ma-
gic angle at a rate of 5 kHz. Experiments were
carried out at ambient probe temperature (ca.
297 K). The ?’Al spectrum was recorded using
direct polarization with pulses of 2 ps duration
and a relaxation delay of 2 s. Aluminium chem-
ical shifts are quoted with respect to 1 M alu-
minium nitrate.

3. Results and discussion
3.1. Influence of surfactant!Si ratio

It is well known that the surfactant/Si ratio is a
critical variable in the formation of liquid-crystal
template M41S materials. The XRD patterns of
the calcined samples at various surfactant/Si ra-
tios are presented in Fig. 1. Such patterns were
fitted with an error (R?) = 0.9867 using a math-
ematical soft called Origin 6.0. For a, b and ¢
samples a sharp peak ascribed to the (100)
reflection of the hexagonal structure of the mes-
opores was observed at 20=1.99-2.08° corre-
sponding to ay= 4.9-5.1 nm. Besides the strong
peak, curve-fitting calculations allowed us to
discriminate weak ones ascribed to (110) and
(200) reflections at 20 =3.66° and 4.20°, respec-
tively, characteristic of hexagonal ordering.
However, the samples exhibited differences in
their peak intensities and widths. The normalized
(100) peak intensity increased in the order
a < b < ¢ while its width increased in the reverse
order ¢ <b < a. This reflects an increase in
structural order from sample a to sample ¢ which
is according to the enhanced surfactant concen-
tration [22]. Furthermore the structure was
transformed from hexagonal into cubic upon in-
creasing the surfactant/Si ratio to 0.45 (sample d),
in agreement with the effect of concentration on
the formation of a liquid-crystal phase for the

HTMABr system [23,24]. With the increasing
surfactant concentration, the liquid-crystal struc-
ture of the lyotropic surfactants such as HTMA
and DTMA (dodecyltrimethylammonium) chan-
ges from hexagonal into cubic, and finally into
lamellar [24].
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Fig. 1. XRDs patterns of calcined AI-MCM-41 with surfactant/
Si molar ratio: (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.45. Hydrothermal
synthesis conditions: 100 °C, 10 days, static ( — , experimental;
---, fitted).
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3.2. Influence of synthesis time

Fig. 2 shows the degree of ordering of the pore
structure (structural regularity) of Al-MCM-41
samples with surfactant/Si ratio=0.2, as a func-
tion of reaction time. The ordering degree of the
structure was evaluated against an internal stan-
dard sample (hydrothermal treatment for 10 days)
which was arbitrarily considered as reference
(100% of regularity) as it showed the better-defined
XRD pattern with the highest intensity for the
(100) diffraction peak. As shown in Fig. 2, mes-
ostructure was formed even before the hydro-
thermal treatment. The regularity of the products
increased with the synthesis time and was maxi-
mum after 10 days. However, a hydrothermal
treatment during 5 days is appropriate to synthe-
size AI-MCM-41 with a suitable structure order in
the present reaction conditions (Si/Al =20, Si and
Al sources: TEOS and NaAlO,, respectively, sur-
factant: HTMABr). The XRD pattern of samples
obtained with short hydrothermal treatments was
not defined enough to discriminate the hexagonal
structure from the lamellar one. However, it is well
known that the lamellar phase is decomposed
when it is calcined [1] and all our samples were
stable on calcination at 500 °C.
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Fig. 2. Effect of synthesis time on the degree of AI-MCM-41
structural ordering. Surfactant/Si molar ratio=0.2. Hydro-
thermal synthesis conditions: 100 °C, 0-10 days, static.

3.3. Influence of post-synthesis treatment

Fig. 3 shows the XRD patterns for the Al-
MCM-41 sample (surfactant/Si ratio=0.2 and 10
days of synthesis time), “‘as-synthesized” and after
post-synthesis thermal treatment for template re-
moval. As can be seen, the (1 00) Bragg reflection
increases sharply in intensity upon removal of the
hexadecyltrimethylammonium ion template in
contrast with the results reported by other authors
who observed that after calcination the intensity of
the diffraction peaks decreases [16]. On calcination
of as-synthesized mesoporous materials, a lattice
contraction is commonly observed due to the re-
moval of the surfactant template from the chan-
nels and in agreement with the condensation of
silanol (SiOH) groups in the walls. As reported by
us elsewhere [20], the template removal using
hexadecyltrimethylammonium - thermal — pro-
grammed desorption under N, flow and sub-
sequent thermal-programmed calcination under
air flow produced minor lattice contractions in the
mesostructure framework and long-range ordered
structure.
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Fig. 3. Change of XRD pattern with post-synthesis thermal
treatment of as-synthesized AI-MCM-41. Surfactant/Si molar
ratio = 0.2. Hydrothermal synthesis conditions: 100 °C, 10 days,
static.
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Table 1

Frequencies (cm™') and suggested band assignment of the AI-MCM-41 framework

Samples Asym. stretching Terminal Si-O~ Sym. stretching T-O bending
External Internal

Calcined sample 1228 (w) 1082 (s) 962 (m) 802 (m) 460 (s)

As-synthesized sample 1223 (m) 1060 (s) 964 (m) 790 (m) 449 (s)

w, Weak; m, medium; s, strong.

The detailed frequencies of the main IR ab-
sorption bands of the AI-MCM-41 sample with
surfactant/Si ratio =0.2 and hydrothermally trea-
ted for 10 days, together with a qualitative indi-
cation of their relative intensities and suggested
assignments are given in Table 1. The absorption
bands at 1060 and 1223 cm™! in the as-synthesized
sample are due to internal and external asymmet-
ric Si-O stretching modes. They are shifted to
higher frequencies (1082 and 1228 cm™!, respec-
tively) in the calcined sample. The bands at 790
and 449 cm™' (in the as-synthesized sample) are
assigned to symmetric Si-O stretching and tetra-
hedral Si—O bending modes, respectively, and also
are slightly shifted to higher frequencies upon
calcination. Such positive shifts in frequencies
would reflect the formation of new Si-O-Si and
Si—O-Al bridges during calcinations. In this way,
it is probably due to an increased network cross-
linking [25], and would account for the lattice
contraction and structural stabilization that Al-
MCM-41 undergoes upon template removal and
calcination process. Furthermore, the sample ex-
hibited a band at 962-964 cm~!, which could be
assigned to the stretching vibration of Si-O~
groups [26-29].

Fig. 4 shows the *’Al solid-state MAS-NMR
spectra of the AI-MCM-41 sample (surfactant/Si
ratio=0.2 and 10 days of synthesis time), “as-
synthesized” and after post-synthesis thermal
treatment. The spectra exhibit two peaks with
shifts of 53 4+2 and 0+ 2 ppm. The signal at
534+ 2 ppm is assigned to tetrahedrally coordi-
nated framework aluminium (T4-Al) [30]. The
signal at 0 +2 ppm is assigned to octahedral co-
ordinated (Oy-Al) non-framework aluminium [30].
As it can be observed, aluminium was incorpo-
rated mainly with tetrahedral coordination in the
framework of MCM-41, prepared by the present

synthesis procedure. After post-synthesis thermal
treatment the signal due to the symmetrical octa-
hedral Al nuclei is significantly reduced leaving a
strong intensity signal due symmetrical 4-coordi-
nate Al. This result indicates thermally induced co-
condensation of Al species into the silica lattice
during the post-synthesis thermal process, along
with the removal of water of hydration from sur-
face Al species that previously possessed Oy co-
ordination [15]. This feature is in contrast with the
results of various authors who reported that the
appearance of octahedral coordinated extra-
framework aluminium species is due to its intrinsic
formation during hydrothermal crystallization
and/or by dealumination during calcination of the
as-synthesized AI-MCM-41 [12,14,16,17]. Thus,
Al NMR data of our samples suggest that the
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Fig. 4. ¥’ Al solid-state MAS NMR spectra of the AI-MCM-41

samples: (a) as-synthesized, (b) after post-synthesis thermal

treatment. Surfactant/Si ratio=0.2. Hydrothermal synthesis
conditions: 100 °C, 10 days, static.
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thermal-programmed post-synthesis treatment fa-
vours the introduction of Al in the tetrahedral
framework position.

Presently, we are studying different methods for
the encapsulation of polyaniline filaments into the
channels system of AI-MCM-41 materials synthe-
sized by us.

4. Conclusions

AI-MCM-41 mesoporous materials with a Si/Al
ratio of 20 were prepared by hydrothermal syn-
thesis using NaAlO, and TEOS as aluminium and
silica sources, respectively, and HTMABTr as tem-
plate. This route of synthesis provided mesopor-
ous materials with high structural regularity and
tetrahedrally coordinated Al into the silica
framework. These features were maximized by a
suitable temperature protocol and by the nature of
the gas atmosphere (first N, and then O;) em-
ployed in the removal process of the template.
Upon calcination, all the products showed a bet-
ter-defined framework as inferred from their more
intense and better-resolved peaks in its XRD pat-
tern after calcinations. The structural ordering
increased with increasing synthesis time and sur-
factant/Si ratio. FT-IR studies allowed us to ob-
tain information about the mesostructure
framework before and after template removal.
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